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Second- and third-order Raman spectra of bulk and nanometric CdS1 – xSex crystals were measured. At 
off-resonance excitation conditions the second-order Raman spectra of bulk CdS1 – xSex exhibit anharmonic 
coupling of optical phonons and two-phonon states with the participation of acoustic phonons. Resonant 
Raman spectra of CdS1 – xSex single crystals with a strong enhancement of multiple LO phonon bands show 
the evidence for the strong electron-phonon coupling in bulk CdS1 – xSex crystals. From the ratio of intensi-
ties of multiple and single LO phonon bands in the resonance Raman spectra of the glass-embedded  
CdS1 – Sex nanocrystals one may conclude that the electron-phonon coupling in the nanocrystals is much 
smaller than in the corresponding bulk materials.  
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1. INTRODUCTION  
 
Compositional dependences of the first-order Raman 
spectra of ternary CdS1 – xSex single crystals have been 
studied quite extensively, exhibiting two-mode behav-
iour (See e. g. [1] and references therein). Under reso-
nance Raman excitation conditions, due to the Fröhlich 
coupling between free excitons and long-wavelength op-
tical phonons [2], a series of LO phonon overtones was 
observed – up to nine for CdS [3]. Meanwhile, higher-
order Raman scattering in mixed CdS1 – xSex single crys-
tals is studied much less extensively [4]. In particular, 
multiphonon Raman spectra of semiconductors are 
strongly determined by electron-phonon coupling [5, 6]. 
CdS1 – xSex nanocrystals are grown in a glass matrix 
by solid-state precipitation from a supersaturated solu-
tion [7, 8] or produced by colloidal synthesis [9]. For the-
se materials, resonance Raman spectroscopy is an effec-
tive tool for the nanocrystal characterization, especially 
for the determination of their chemical composition from 
the frequencies of the CdSe-like LO1 phonon and the 
CdS-like LO2 phonon [10-18]. Multiphonon Raman scat-
tering in II-VI nanocrystals is much less studied, except 
for binary CdSe [19, 20] and CdS [21] quantum dots. For 
CdS1–xSex nanocrystals second-order Raman spectra 
were reported in several studies [12, 13, 22], but almost 
in each case the two-phonon Raman scattering was con-
sidered for only one mixed nanocrystal composition, in 
most of the cases the x value being within 0.33 to 0.37. 
In our earlier studies [8, 23], the second-order Raman 
spectra of CdS1 – xSex nanocrystals were presented in a 
rather broad compositional interval, but the analysis 
was focused entirely on the first-order scattering. 
Here we report on a targeted study of second- and 
third-order Raman scattering performed for an extensive 
series of samples of bulk and glass-embedded nanoscale 
CdS1 – xSex crystals. 
 
2. EXPERIMENTAL 
 
Monocrystalline bulk CdS1 – xSex samples were 
grown from the vapour phase. Nanoscale CdS1 – xSex 
crystals were grown in borosilicate glass by well-known 
diffusion-limited growth technique similar to the one 
described earlier [7, 8]. 
Raman measurements were performed using a 
LOMO DFS-24 spectrometer with a FEU-79 phototube. 
The excitation was provided by an extensive set of laser 
lines of Ar+, Kr+, and He-Ne lasers ranging from 457.9 
to 647.1 nm). For the samples with CdS1-xSex nanocrys-
tals the measurements were performed at 295 K. The 
spectra of the monocrystalline samples were measured 
both at 77 and 295 K in different scattering configura-
tions. 
 
3. DISCUSSION 
 
Raman scattering spectra of single CdS1-xSex crystals 
measured in off-resonance and resonance conditions are 
shown in Fig. 1 (a and b, respectively). In the off-
resonance spectra (Fig. 1a), one can observe the first-order 
Raman peaks corresponding to the unpolar vibration of E2 
symmetry (40-42 cm – 1), the CdS-like LO-phonon peak of 
A1 symmetry (298-305 cm – 1), and the CdS-like TO-
phonon peak (234 cm – 1, only for CdS). Besides, in the 
same frequency range intense second-order maxima relat-
ed to 2TA (87-108 cm – 1), TA+LA (near 130 cm – 1), and 
2LA (214 cm – 1 for x  0) phonon scattering, are observed. 
It can clearly be seen that the compositional behaviour of 
these bands is far from straightforward, exhibiting for 
x  0.2-0.3 an unexpected redistribution of intensities in 
the range 180-220 cm – 1 and an appearance of a charac-
teristic Fano antiresonance dip where (since is a solid 
solution system with the two-mode behaviour) one could 
expect the CdSe-related LO phonon peak to appear. Such 
compositional variation of the spectrum gives a clear evi-
dence for an anharmonic coupling between vibrational 
states – the Fermi resonance, arising in case the levels of 
interacting one-phonon and two-phonon states being close 
in energy and the corresponding wavefunctions possessing 
the same symmetry [24]. 
The resonance Raman spectra of CdS1 – xSex bulk 
crystals shown in Fig. 1b (in this case the Raman exci-
tation wavelength was tuned in order to achieve the  
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Fig. 1 – Raman scattering spectra of single CdS1 – xSex crystals 
measured in off-resonance (a) and resonance (b) conditions 
 
resonant matching with the mixed crystal band gap) 
exhibit a strong enhancement of the 2LO2 overtones 
and composite LO1 + LO2 phonon peaks with respect to 
the corresponding first-order Raman bands. Such be-
haviour is similar to that of binary II-VI semiconduc-
tors observed in the earlier studies [2, 3]. 
In case of a noticeable electron-phonon coupling the 
resonant Raman intensity can be expressed via the 
Fourier component of the retarded Green function [5] 
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is the energy of the electron excitation renormalized 
due to the electron-phonon coupling, sq are the phonon 
frequencies, nsq are the corresponding occupation num-
bers, and nsq
  are coupling constants. The positive 
value   characterizes the natural damping of n. 
The strong electron-phonon coupling in bulk semi-
conductors, revealed in an enhancement of the LO pho-
non overtones in the resonance Raman spectra (Fig. 1b), 
occurs mostly with the participation of optical vibrations 
with wavelengths comparable to the size of the exciton 
[19]. The issue of the electron-phonon coupling on the 
nanoscale when the crystallite size is comparable with 
the exciton radius, can be discussed based on the reso-
nance Raman studies of semiconductor nanocrystals. 
Figure 2 demonstrates the resonant Raman spectra 
of glass-embedded CdS1–xSex nanocrystals measured at 
different excitation wavelengths. Note that the nano-
crystals comprise only below 1 % of the sample catterin 
volume, hence resonant excitation conditions are re-
quired to obtain a detectable Raman signal. The CdSe-
like LO1 and CdS-like LO2 phonon peak frequencies 
and intensities clearly depend on the nanocrystal com-
position. As can be seen from the figure, the observed 
divergence of the LO1 and LO2 phonon bands with de-
creasing x is accompanied by the decrease of the LO1 
phonon intensity and the increase of the LO2 phonon 
peak. Therefore, Raman spectroscopy is often used for 
the compositional assessment of glass-embedded nano-
crystals, based on the frequency difference [8, 10-15, 
18] and intensity ratio [25] of the CdSe-like LO1 and 
CdS-like LO2 phonon peaks in the first-order Raman 
spectrum. This method is considered to provide the 
accuracy of x   0.03 [10, 15], being somewhat lower 
for the compositions close to CdSe and CdS due to the 
weakness of one of the phonon bands. Note that plot-
ting the LO phonon frequency difference (instead of a 
direct consideration of the LO phonon frequency val-
ues) significantly reduces the errors of x determination 
resulting from the glass matrix pressure as well as pos-
sible systematic instrumental errors [15, 26]. Besides, 
it minimizes the role of confinement-related contribu-
tion of nonzero-wavevector phonons and surface pho-
non scattering revealed in the Raman spectra of nano-
crystals [11-13, 15, 26]. 
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Fig. 2 – First- and second-order Raman spectra of CdS1 – xSex 
nanocrystals of various compositions (a) 
 
In the second-order spectrum, with decreasing x one 
can observe 2LO1 phonon peak weakening and down-
ward shift (from 410 to 389 cm – 1) along with an in-
crease of LO1 + LO2 (near 490 cm – 1, strong only for the 
samples with comparable content of S and Se) as well 
as (for noticeable S concentrations) 2LO2 phonon 
bands. The latter also exhibits an upward shift from 
569 to 594 cm – 1. One should note that practically in all 
cases the overtone frequency is practically equal to the 
doubled LO phonon frequency (or the combination tone 
frequency is equal to the sum of the corresponding LO 
phonon frequencies). This, even with the account of a 
rather low dispersion of the phonon branches in CdS 
[27] and CdSe [28], indicates that the major contribu-
tion to the two-phonon Raman spectra is made by the 
near-zone-centre phonons. Similarly to the first-order 
Raman spectra, the difference of 2LO2 and LO1 + LO2 
as well as LO1 + LO2 and 2LO1 phonon peak frequen-
cies can serve a good measure of the glass-embedded 
nanocrystal composition. 
Meanwhile, contrary to the bulk CdS1–xSex crystals 
(See Fig. 1b), the intensities of the second-order phonon 
bands in all cases are much lower than those of the 
first-order LO phonons. Moreover, while in the bulk 
crystals variation of the Raman resonance conditions 
by variation of the sample temperature or the excita-
tion wavelength leads to a considerable redistribution of 
the first- and higher-order LO phonon peaks, it can be 
seen from Fig. 3 that in CdS1 – xSex nanocrystals the cor-
responding intensity ratios remain practically the same 
under a broad variation of the excitation wavelength. 
This clearly indicates that, evidently, the electron-
phonon coupling in CdS1 - xSex nanocrystals is much low-
er than in the bulk crystals of the same system. 
Note that in the Raman spectra of the glass-
embedded CdS1 - xSex nanocrystals we also observed 
 
 
Fig. 3 – First- and second-order Raman spectra of the same 
sample with CdS0.55Se0.45 nanocrystals measured at room tem-
perature at different excitation wavelengths 
 
third-order Raman scattering (Fig. 4). Earlier, the third-
order Raman spectra were reported only for CdSe nano-
crystals [13]. The third-order phonon peak intensities 
are even smaller than those of the two-phonon bands. 
This also supports our judgement on the weakness of the 
electron-phonon coupling in CdS1 – xSex nanocrystals. 
One should note that, similarly to our data, none of 
the earlier resonance Raman studies of CdS1 - xSex nano-
crystals reported on a noticeably different first-to-second 
order Raman peak intensity ratio with an increased con-
tribution of two-phonon scattering in a way similar to 
the resonance Raman spectra of the bulk crystals. Still, 
different opinions were stated with regard to the elec-
tron-phonon coupling in the CdS1 - xSex nanocrystals. An 
increase of the electron-LO-phonon coupling with in-
creasing confinement was reported [22], however, this 
conclusion was based on a quite small variation of the 
second-to-first order LO phonon intensity ratio; moreo-
ver, the reported results do not seem reliable due to the 
very small nanocrystal size variation and the noisy spec-
tra. In fact, all the scattered data reported before [12, 13, 
23] exhibit the ratios of the two-phonon and one-phonon 
band intensities basically similar to ours, the examples 
of which are shown in Figs. 2 and 3. This conclusion on 
the electron-phonon coupling in CdS1 - xSex nanocrystals 
being much weaker than in the corresponding bulk crys-
tals is also supported by theoretical considerations. It is 
known that highly delocalized excitonic states of bulk 
semiconductors couple mainly to optical vibrations with 
wavelengths comparable to the exciton size [19]. As the 
electron and hole are confined in a smaller volume, the 
Fröhlich coupling becomes weaker since the electric field 
caused by the vibrations should be less effective in polar-
izing the exciton. 
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Fig. 4 – First-, second- and third-order Raman spectra of 
glass-embedded CdS1 – xSex nanocrystals 
4. CONCLUSIONS 
 
Second-order Raman scattering spectra of bulk 
CdS1 – xSex crystals at off-resonance excitation condi-
tions are dominated by processes with the participation 
of acoustic phonons complicated by anharmonic reso-
nant coupling of the two-phonon states with first-order 
optical phonons. Resonant Raman spectra of CdS1 – xSex 
single crystals clearly show a strong enhancement of 
multiple LO phonon bands which strongly exceed in 
intensity the corresponding first-order LO phonon 
peaks. This is the evidence for the strong electron-
phonon coupling in bulk CdS1 – xSex crystals. 
In the resonance Raman spectra of the glass-
embedded CdS1 – xSex nanocrystals, the multiple LO 
phonon bands are much weaker than the first-order 
ones. The corresponding intensity ratio reveals only a 
slight dependence on the nanocrystal composition, size, 
and excitation wavelength. The third-order Raman 
band intensities are even weaker. Therefore, one may 
concude on a much smaller electron-phonon coupling in 
the CdS1 – xSex nanocrystals in comparison with the 
corresponding bulk materials. 
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Раманівське розсіювання світла другого і третього порядку в об'ємних  
та вкраплених у скло нанометричних кристалах CdS1 – xSex  
 
В.В. Лопушанський  
 
Інститут електронної фізики НАН України, вул. Університетська, 21, 88017 Ужгород, Україна 
 
Проведено вимірювання спектрів раманівського розсіювання світла другого і третього порядку в 
об'ємних та вкраплених у скло нанометричних кристалах CdS1 – xSex. За нерезонансних умов збудження 
у раманівських спектрах другого порядку об'ємних кристалів CdS1 – xSex проявляється ангармонічна вза-
ємодія оптичних фононів з двофононними станами з участю акустичних фононів. Спектри резонансного 
раманівського розсіювання монокристалів CdS1 – xSex, де проявляється сильне підсилення багатофонон-
них LO смуг, свідчать про сильну електрон-фононну взаємодію в об'ємних кристалах CdS1 – xSex. Зі спів-
відношення інтенсивностей багатофононних і однофононних LO смуг у спектрах резонансного раманів-
ського розсіювання вкраплених у скло нанокристалів CdS1 – xSex зроблено висновок, що електрон-
фононна взаємодія в нанокристалах набагато менша, ніж у відповідних об'ємних матеріалах.  
 
Ключові слова: Раманівське розсіювання, Нанокристали, Електрон-фононна взаємодія. 
 
 
Комбинационное рассеяние света второго и третьего порядка в объемных  
и внедренных в стекло нанометрических кристаллах CdS1 – xSex  
 
В.В. Лопушанський  
 
Институт электронной физики НАН Украины,  ул. Университетская, 21, 88017 Ужгород, Украина 
 
Проведены измерения спектров комбинационного рассеяния света второго и третьего порядка в объ-
емных и внедренных в стекло нанометрических кристаллах CdS1 – xSex. При нерезонансных условиях 
возбуждения в спектрах комбинационного рассеяния второго порядка объемных кристаллов CdS1 – xSex 
проявляется ангармоническое взаимодействие оптических фононов с двухфононными состояниями с 
участием акустических фононов. Спектры резонансного комбинационного рассеяния монокристаллов 
CdS1 – xSex, где проявляется сильное усиление многофононных LO полос, свидетельствуют о сильном 
электрон-фононном взаимодействии в объемных кристаллах CdS1 – xSex. Из соотношения интенсивностей 
многофононных и однофононных LO полос в спектрах резонансного комбинационного рассеяния внед-
ренных в стекло нанокристаллов CdS1 – xSex следует, что электрон-фононное взаимодействие в нанокри-
сталлах намного меньше, чем в соответствующих объемных материалах.  
 
Ключевые слова: Комбинационное рассеяние, Нанокристаллы, Электрон-фононное взаимодействие. 
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